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APPIXATION  OF A TWO-STFUA&S RADIATIVE TRANSFiX MODEL FOR L&W ~OhftN  AND
C)ZLLULOSE ~NCENTRA TIONS FROM SPECrRAL REFLXTAIWX M6ASURKMEN’1%  (PART 1) .

James E. Cond,  Jatmette  van den Bosch, and Cindy 1, Grove

let ‘kq)akion  Labom@y,  Womb Institute Of Technology
IWndcnm  C4Wornia ,,,,. ,,,’

1. ID-*. Ligrdn and nitrogen caucnta of IMVM cowtituto rho primary rate-limiting pammetm fti”
the decomp@titm  of forest litter, and aro determinants of nutrient iutd carbon cycling rates in fotwt e$osystenu
(’McIi]to. et d., 1982). Wesaman M al (198%) dcvelopod cmpiricof  m.dtivariato  re.fationshipa  betw~n  forest qy
lignin amount and the (ftnt-difference)  AIS spectral response in a time bands spread over  the wavelength intcrvul
12s61sss nm. Waaman 4t d (1988b) and M&ohm  c1 al (1991) dcwdoped similar m~iolt XMkMahipa from

. ~ RfkC@fM ~M&IrunenU on dried samples prepared in a standmd fashion,  They used four to six infnmxl
bWdt  fcx krmiyeia of nitrogen. tignin and *1IU1OSC content of foliage  in forest and pmiric spceica.  In h preeont
~ptz thtt feaslbitity  of compositional determinations is explored using positions of composite abotption  hands that
origineta  from mixtumm  of Iignin, cettploao, md possibly other chemicat constituents in tho spoctrai rdkc~ d
@Mt leaw TO MtYy out this progmm,  ‘WC employ full spectral 03solution single leaf diffuse refkCt@lc6
memmemant8 made with a hhorntory qoctromctcr  and intcgmting sphere, The leaf and other chcrnkxd rGfkCKUEG

Ml compiled by Elvidge (1989) have also been utiliz~.d cxtcnsivcl y,

2, MoM ‘f%o speetra  of fresh leaves  contain wrong liquid water absorption M may mask rn!ndy
compbtaly  tha qcmtrd  signntou  of othw  I@f chemi~l  constitucnm  (G.g., Elvidgc, 1989),  A ~kgiwnd  liquid
Id water refloetanee spectrum  i6 required 10 remove the effects of liquid water, Previously,  such ~ W@Ound
~ * -~ ~nff mix-of ghw beads and liquid wittcr  (Goctrx ct at. 1990). In tho present work UI
the ethef hand+ the so-ded Kttbelka.hfunk  (KM) theory of radiative trunsfer  (Wendlam.lt  and Ifeeht,  1%6) wn!i used
h WtlItItt6  the k@d  water qxdmm &m the leaf diffuse apcctral rGftcc@wo it$etf, In a fiisl appwxinWiwt singh)
Ietwes w answmed to consist of distinct but well-mixed liquid water and dry components each ehmwtuircd  by
htrhttio  obsmption (lL. ~ and acattcring &s~ functions (hcrcaftcr simpf y Winsic  h.utiiuns). ‘Ilm dry compormnta
am in turn aasutned to ccmd.st of well-mixed lignin,  CC] IUI06C, starch, protein, ftnd other organic COmfhX#dS  (sea
Elvidgo, 1!)89,  fctroprmt.ntative  ti$ibk and near-infmwd ~L@. III k KM diwxy,  which was odglnalty  devetop&l
to calcuhue the MkL?tanoe of paint films, independent M well a!! purely backward scattering (van de ~Uiat. 1980)
wc ammcd by M const.itmmb.  l%c.sc  aSSUI@UtIS  am idmst  wmuinly viokmd to one extent or another In Ieavew
Comparing the k- and s-funetiona of KM theory with pnmmctcrs  of Iwo-strewn atmosphcrio  modofs (see, h’

. ex&mplc,  Coakky and Chylck 197S)  showti k m & idwifiitt ‘with partlctc NrtmrpdorI.  given by 1 - riJ& wtwm  W.
k thti singk S@tt&ing  dhedo,  mci s with the scattered fraction WJ3, whore ~ is the avemge  forward Sc3ttt!t  ffn’
imotopicaUy  i~idcnt rdhtion (Wtwombc  und Gmm$,  19?6),

3. Calcutattem of k- and s+mxlmu. We develop mtxing laws hit; compme  relationships between bttik
Ieaf  scattodng (S) and Wot’ption (K) functions and the intrinsic functions of assumed individual compotwm% thd
&& furwtials  am simple  Iitwr SUMS of lhe tntrhwlc funcdons  weighted by constituent concentrations (~, CJ, For
a airnpic twoampomnt  systems  the intrinsic functions are isolated indivi&taUy by use of mktanee  (R) and
transmittance  (T) rncasumrncnts  on sfngle  teaves.  both wet and deslccat6d,  logether  with theoretical  mltdiOttShipS for
R W T forahtgle  tmiform  layers from KM theory (Wendlandt  and Hecht, MM, p. 60), Ailen and Rich&dsott  (1968}
fh%t M single  MU R and T data to cnlcutato  k-and s-coeificlentg  !or cotton lewes, ‘me  intrinsic functions derived
in this way fm U@aimt&r @mrc7flutI (gwmtgum) arc given in F@re 1,

4. Ltaf wa@r reflecwnce.  Given ~ and SW of Figure 1, the rom@me  & of a aerniinfmte  body of “putt”
Itquld W water was caleutatact  tkcnn the so-eaikd  KM remission function  (Kortum,  1969, p.18f), diaoussaa UKL
remission fimction),  A light path through a stack of S or 6 kavcs  a~ximu an infmitc thickness condition at
ail wavefengtha  between 400-2su) nm, since no chnnge  in rctlcctanec occurs with addition of further Iayera, The
rttsttlth$  & is shown in Plgttm  2. The function reprtsefited  hits been smoothed  once by a threqmint  %tmnfng”



.

... ,

fih @kkman  and Tuimy,  1958) m $- fluctuations  in the CdClthtCd k- and s-fuMiOtM  bttl MittO  h b
m~ data thcmmlvca W-C of Figure 2 b tx.tn taken arbimuily to mpmamt a $Oncfio boc~nd  watur
T’efteowwa  fw derivation of dry Conttituorlt Spwrd residuals fmm tic optbaily infinite thiolcnwa  green Id dib
re~. Art axarnpta  com@n8  Ilw with tha 4qaiWnt semiinflnite  mflcc@neo f@ tweet$uaL  cahttatcd  from
Ktmd Sv&tberemissian function, is shown rnFigI.Ue 3. BOth  CUtVeShaVe  bCentrtAnSi,Ut,ed  tozaoreflectmeai
1 4 S 2  IUW uid h watM  rdktMGe  adjustad by a sin@ seal.  ktor to aehiava  h ~bh tkwn.  S i m i l a r
x~dk~md-kkwem~~incdcdtim  ofwidusls for folisgt to ftnhcrspeck aan
Aer’ibcd OaXt.

S. Reftectmw re6ktu& We cdcukted  froctiontd  rewdtud rnftectoncee  for sweetgum  ayoamora  (P/oMm

Mcemxd, pinyoft  pine (Mttu mwphylla)  and bigbcmy manz.anita  (Arcfostaphykv  glaucu)  using the generic mm
refktancc CUJVC, These resdb m given in Figure 4 for the spcctml regioa 1400-1900 nm. The fraotbnai rasiduai
dktaneeisdefi netitil-&.  1$ J/& where. ~isthcmeasured (~~uiatcd) reflectance  forinfinim
Mcknesa of spcAos i. ‘Ihc diffuac roiloctmcc data for sycnrnore, pinyon pin~ and marmanim  wera tnkan km
Elvid& (1989), 7Me examples are distrn@shcd from one another by -nt systematic dispiaczmcnts of
dbtanoominirt mfmmonespc&cs  totho~xt and bythc premed -~ -mqjor& trninwa twt.umaintha
pinyon  and matwdta  residuals that are not shared  by the other examples, lle noiseeqttivabm  rcfkctanee  variation
(@) in Oic# data w dmated  nwnetiocdly  by catcuiatiog rc@chmls from a SOCOnd  dagrw  polynomial fit tos

smooth piece of the raw swectgum fcflectance  (1500-1600 nm, 24 points) with x$uhing MS error of 0,fXXJ(@16  in
roflcctmm Units and Overqfo  fmcticmd  lmccrtaimy  of O.ml .

6. C?uQpd&M  & dtdtittd kaf and ~ldual  spectra, From the derived tq and S4 vtdueg given in Pigw
1 wc also calculated the expected rdicctancc  R& for dcssicatcd  nwxtgum  via the remission function, and eompartci
structure in hat rcflcctamm with stnrcturcs pment in the (prcsumod  lquid water-free) rc9iduat  spectrum fff
swcqum in Figttm 3, This eornparison  is made in Figurt 5, Apart from positicms of minor fcatmwt these cttwes
do not rwxnbie (me anoti, the prvsefbce of important (ti&fiin  + celhkkse  + other) abaorptioru  M&ins masked in
the extrwctd reaidusl SpeCUum, Features in the calculated sweetgum speclrum ~ are, on the othcz hand. pmserlt
m the fdnycm and mmx.anita re$idtwds  in FIgurG 4.

7. Intm-prct@cm  of dasicatcd ted s~tra, We next sought to unctcxstand structww in tbc dry cxtmctcd
snd derived spech’a using caicukued rcflectanccs  of hypothetical simple Wompcment  mixtures, The rcflcctanees
d mixing models  used+ including the nrodci cmploycct  to &rive Q ultimntdy  require vrdidiition:  this has not yti
been possible beyond ceatain  qualitative comparisons cksctibcci  in Section 7.

Ln Figure 6 the eaktdated  spectrum II@ is oompmd with lignin @ cellulose fefkctanecB (M Htige.
1989), A simp10 inwot~  of bad  pwidurt in IIM &imutGd w SpeCtrUIII  upptxus  pos.si~e in &rrrN  of titcwi
two end nmnbers. We examined this more closely by eakulating  reflcctanccs  of cclltdosc-lignin  and other mixture$
MN compwrin~ band positkms  between the hypothetical mixes and k.

Bulk rdicctance  Mtttionshlps based on cotnposhe  scattering and absmption functions wuc develupml  tium
the KM theory for artificial mix-of dry constintents (and liquid  wakx with dry constio.wnts  described in Section
7), Many Mttsltxod conftgufations  of constituents in single tenves,  each individually desetlbcd  by the KM
reflectance tuui Wtnstnittaneo formulae, seem PostMe, Melt has its own maefoscopic mixing  formula Some dxnp16
pOadbWfO WtU (1) shgle Utyer$  eomjwised  of well-mixed pure components, (2) multipm stacked umlfonn iayem
of pttm end membh’s, and (3) side-by=side compartments of pure end members arranged in single lsyers,  Hem w
COttfiMJ WmiOn to (1), lacking it &finite  basis to pumuc another option. Since intrinsic futwtions  ti t’epfwent@vtt
*(M mi~) P cMM Md ~m~m of leaves’  have not yet ken obtdnd  the devebpment  of mixing
reiritions  must proceed ttppruximatdy,  in the ptcscmt  cmc M foIlows,  FQr two components [ I J) ~ mtio NI/&a
of a mixture M
StKi Cl + q -1. Except fw tho ratio SJE1, the vaiucs  of W component k/s+atios  am known from the n?.tni$skm
function if the spcurui diffuso retlectwwe  ~ for each component j is known, We will caiculak  an appmxhnmo
effective composite ratio KIJSta for the ( 12} mixture by setting s@, = 1 for aii wavelengths. and tdw the diffuse
t’eflectanws of leaf chemical constituents. a number of which have been measured by Elvidgc  (1989), to estimate
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,$/S-*  Of Crtdmtt?mh?s. hi so doing *fects of possible impuritieth  nonunikmn{ly  in packing, pattkk  Sir& M@ ,
fide sampk thkkxwss on refkwtnncea  of ummed  e n d  membn a i g n o r e d .  The refktmce RI* d a t,w~.,.,’
Component mixiscddatcd from

(2)

~~ 7 ~wlrate$ app&irM  M the model reprewnted by ~UBtiCMt  (?) to a mixttm$ Of li~in  ad Cduh.
_*~ M ff’@~ of ~flu~ (gm/gfn) h the mix. Determination of composition in this simple dry syttetn
might ?M mufa from mwmrement of band @tion: * resolved and cleared to inteqm$t (although  tmdwewlhb
in tha recidtitd  sp@ttE from grrwt kavas) is that batwecn  M&l and 1484 rtm. This band (reflectartca minimnm)
po$ih  k a non-lk%w function of celtyhe  fraction f,, @cn acmwatcly by ~(fJ . 14S6 + 97.9f, - 119f~ + !hlf~ .
4+SfS,  aad ia very ittsctuitiw  to changes in Iigtiin concentmtion  for.5 < f. 41.0.  For example, ~ b spectml

sampling intMW  ~ is that of AVIIUS,  lo nm, and that OWM perfect spectral  band determinations am portuihtc at
1484 and 1474 W 1464 nrn, Tlc  minimum resolvable  differe+we in Iigriin  concentration Aft ifi approximately 0.75
between the tlmt pair of the~ and about  0.10 btween the second pair. A similar retmionship. $p?ctrd~y h?w wdl

defined, pmdtt for the cotnpkx  of bands  between 16S0 and 1850 mm,

We return now to interpmation of band positions of ~ in Figtuw 6, From tha ragmssion formula fof uf~
4 rcflectaim minimum at 1460 nm impliM a Iignin conccntmtion  in be hvoanpnent  dry mix of 9A%, and a
similar abundance bt tho band rtcar 1775 nm, This exceeds by fnr ttm cxpctcd  lignin aburtdarwe  in plant nvatcfiak
Of 10- 3s% dry Wdf$tt  (Gwfod 1981),

~ oIwMiod Oonetitinta  in addition to Iignin and celhdoac make spcctml contribudo~ to t.ha deshatcd
folim  refktance, and will aItfaI by diludon the Aative abundances of lignin and cellulose pt’e$cttL  The natttm of
tho apaotrnl cxmtributions ao introduced will be dmscribed qualitatively uuing hypothcdcsl  tw&component  SyStIYYW,
tdlulottcmmh and cetlttlose-pmtein  (D.ribulow. l-$dlphosphate  c.arboxylaac),  illustraud in Figu.M  8 and 9.
Combinations with other plant  ohemicd constituents might ba worked out fmrn spaotrtd  data given by Elvid@
(1989). The admixing  of March with cehlaz dkpltkm the 1485 run cellubsc  band to shorter wavekrqtlw,  similar

. to ll@in. ‘l%o 177S nm M position is Iargcly mmffoctod,  The @nixing  of protein with cOllLtiotM produces
d.isplemmettu  opposite (but of comparatively mall magmtude)  to those of both starch and Ilgnirr at 1485 nm and
to shorter wttvckngths at 1775 nm, also  simitar to M of Iignifi.  7%US both pmteln aml stnmh mimic sptIotAly.tkI
PfWM Of Il$fkill in mixus With cdulosc, ~ially  at 1775 nm. The imiation  of lignin conccnrration  from band
poaitfon  alma withoat  lmowkdge  of otk end member  conccrwations  thus  seems pmbk~tkxd.

8. Mixing of dtssbtui and Uqukl water componcn~ Mixing rclatbnship9 cmpioyod  in tbe Pms6nt,
application of IUVI theory  together with spcctrai  rcflccrances of mixturca  baaed thereon have been vwxked  OU( to
Isolate S@IMMW  of supposed  duiwtted tonf componorm  and to aid in-tion of spectral signaturM of dtw&vMI
rofhxtwx?c  residuals. ‘17te  tMoty applied to leaf reflcctano? awaits dctdlcd cxpcsimcntal  vaihlation  but offers anOtlW
w Uf datkmship$  tluu wggest  its usefulness. We used tie intrinsic k- and wfunctions of Figure 1 togcthm with
Mu@om  (1) ad (2) to cakulatc  for sweetgum the spectml  reflectance of intormcdmtc  mixtures of wet and dry
compontnta. Them calculations am illtwtrated  in F@m 10. A wmparison wilh singk leaf xdkctamx data as a
hmctifm of rdndve wattx content given by Hunt and Rock (1989) is suggestive.

9, Mktancc mtdeval from AWRIS, l%e previous analysis kmdinu to P1OM of residuals given h Figwo
4 w M&l on diffuaa  Spcct.rd reflectance measummms  made undu  kkalkd conditions wiLtl u hbwatoty
SWUMWCh ‘IIG largest  spectral variations iu ttww rwiduds amount to approximntcly  2 % in k 17~ nm rcgicwk
Retlwtancc  variations arc also pm$ent beiow lh~ level. Umler field cortdi[i~, u$lng measurements of the Upwolling
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rad&mox AVIRIS, =stmqkio modelis  ordin&rdy  rcquircd torotricvo  aneffectiveaurfac8  &ambca’tiM)
mfioctsncc, ankxu gnnmdtm’@# can k rmod  ~h’idg% 1988). Noise wising fmm @at fktuation$  ornncdamb‘ “Ca
b~~tih AWStill cmtimwtin~ bh~mvdww~ We
Oorrlod  out mlrnukd expdments  with h LOwrRAN 7 (Knshys, et nl, 1983) I?Ktidvo  tmnakt model  to Csttmti

untmidntbs  (M to tbo@cdc Yariadorm It pmvca  adyantagoous to mcatibmtc AVKRIS  it@@t  @t@ I(MW _
tBrgetutoeUmiMta channel to channsl wuintlons  in mdinnoe  that m tho@ to oAginate i%orn  ChMp in the
mdiomcttic  calihtion  ticdenb between Inbaatory and Might cmnditiom

F&’ ~,’ phn&tallcJ  atmoqhaic COnditicm &cr  unifOrm @und Of” LatllbMilUt *D
rofkototwa p., “&a - at NI’RIS is rqxmented approximntaly  u

( 3 )

In Equation (3) $cF& is the solar imdiance, S(B~T) h the atnwpkric scattcrins ftitioft,  Twt) k ti **nY
dtfrUmptu$ ctilvxtmlnOe@m‘ ~ittnnc~  s u the. hcmkphc+cal  ImAmatttr  funotlon, p nmd ~ mu c@nOO of
the zudth anglM of viewing  and sok incidence directions respectively, and f & optical depth. Spectral @endcJ@
Oftho~ WM SCAM wtioa is irnplic.d.  An Might  calibration experiment redefhw tha rdorMtdc
c.aliiticxt  in term of in.fligtrt  cocfticknts  0’ given by

@Q . (LM) =
(DN-LtNo) .

( 4 )

where 13N and D& rcprcscnt  irwtrumcnt  and dark cwnt response for the condit~ of @i, and (LJ,  h h
radlanw at AWNS obtaind  from a radiative transfer model (LOWTRAN  and/or  MC)DT&4N) wing mcmm’od
drnouphcrk  mdtiam &Je b #v-GiI spproximatoly by

( 5 )

The wm’wh fm~ Equatkm  (6) is indcpmdcnt of the aolar, irrdmco,  but usc dt)M itdlight  cdibt’atbn
CO@UWW90“ ha Mmduccd  add@mat  variabtcs  pertaining to mmosph@c cctndltton!t  dtning  catllnutiun WI nlao
the utlibtWtt ttqet Mect8n@ ~ We applied standard error  pmpagatkxt  fomtutag to Equatkm  (6) to wakate  a
ftWkMl uncWa&tty  ~, from ftttctuatiotw in alt the atmospheric pamnetm (taken orpat tl.x- btt u.dtbutioo
~~ ~M) @ from ~ A~S I=PMS$ Wine- M tie ~mm~. ~
LOW13ZTAN model evahtat@d was mtdtatitttdo  summer, rurat ae#ot&  aufface meteorotogkat  rang, M km. SLKWa
mktanoo  030, and aoh  zenith angle 22°,179. ‘l%c calculated unctttaittty  aa a funotion  of AVIRfS siptalhok
ratio at 17U.1  nm with pmmibed  atmoqmeti  ttmxftaintics,  written cdtcctively  aa OJa m rofm=m  98/SS C% *Q
drown in F@w 11, Vaiucs  ofe#$ leM thsn a few perwt  we achimwi only fw unifottn atmcqkm‘ Condtiotu
(tYJa < .01) ti hi@t ai@ttWMao wiw ( > 100).

10. Wmmmy.  We @ the Kubelka-Munk  theory of diffuse spectml  retkxtant% in kyei% m MK@&
inflwnccd of muldpk  chemical components in kavcs,  As opposod  to empirical approaches to catimatM of p~t
chetnby, the fall apet3rd rc$olution  of Momtury retlectmtcc dnta was retained in an attempt tO estimate lignin



orothwcon#itwtcmmMradonufrotnqcctnalbarbdpositkms,  AkafwaterrcfkctMc8 @Wstttn W8-ti
theorukal mixing ruhau reflectance obacsvations. and caku~ons  horn theosy of intdnak  k- aid a-ftmduta
Rr%idtstd  rdkctanee  banck WCtU thm isolated from spectm of fresh ~ k.wes,  ~ proved  had ti int$r@et *
cotnpoaidon  in term of simple two cornponcmt  mixtu.m such as Iknht and ceflu-. Wa Mt ~ ~~
and clihtdon influcnca of other  possibk componcrt~ (stmh,  man). k CMTIMUIW  q ~t * to
odluloao  in hypothetical mixtures, WW2UCQ  band dkplacementa  similar to Iignim but will disguise by dl’ltttion  the
aottd abundanw  of lignin paent in a multicmpontmt  system. llds rendcra hWqwe@M  @ ~ %
@WCSL Knowkdse  of cnd-rnembmt and their spectm  and a m.~;~~=o~~m ~ ~
be* for (m% for CxaJnplci  -* 1%9*  P* 303)+ ~ ~
and ksmwledga thcscof arc mQuird  fof retrieval of expected subtle  reflectance vasiatima  PIMEM in SIMM of 8SWJ’I
vegetation.
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FU?F1.ItCTANCE MEASUREMENTS (PART 2)

James E. Conel, Jeannette  van den Bosch, and Cindy 1. Grove

Jet Propulsion Laboratory, California Institute of Technology
Pasadena, California

1. li]tcrprctation of desiccated  leaf spectra, Continuing the work described
in Part 1, we next sought to understand structures in the dry extracted and derived
spectra using calculated reflectance of hypothetical simple two-component mixtures.
The reflectance and mixing models used, including the model employed to derive
R WCO* ultimately require validation; this has not yet been possible beyond certain
qualitative comparisons described here,

In Figure  1 the calculated spectrum ~~ is compared with lignin and cellulose
reflectance (from Elviclge, 1990). A simple interpretation of band position in the
desiccated leaf spectrum appears possible in terms of these two end members. We
examined this more closely by calculating reflectance of cellulose-lignin  and other
mixtures and comparing band posit ions bet ween the hypothetical mixes and ~ ~.

Bulk reflectance relationships based on composite scattering and absorption
functions were developed from the KM theory for artificial mixtures of dry constituents
(and liquid water with dry constituents described here), Many idealized configurations
of constituents in single leaves, each individually described by the KM reflectance and
transmittance formulae, seem possible, Each has its own macroscopic mixing formula.
Some simple possibilities are: (1) single layers comprised of well-mixed pure
components, (2) multiple stacked uniform layers of pure end members, and (3) side-by-
side compartments of pure end members arranged in single layers. Here we confine
attention to (l), lacking a definite basis to pursue another option, Since intrinsic
functions of representative major (or minor) pure chemical end members of leaves have
not yet been obtained, the development of mixing relations must proceed approximately,
in the present case as follows. For two components {1,2.} the ratio Klz /S1z

k, + , !?!’c,—
:12 s, 2 S2 S1
S-=-” -”S2”12

c1 +  C2-

SI

(1)

of a mixture is and c1 +- ~ =, 1. Except for the rat io @sl, the values of the
component k/s-ratios are known from the remission function if the spectral diffuse
reflectance Rj ~ for each component j is known, We will calculate an approximate
effective composite ratio K12/S,2 for the {1,2} mixture by setting ~/sl = 1 for all
wavelengths, and take the diffuse reflectance of leaf chemical constituents, a number of
which have been measured by Elvidge (1990), to estimate k/s-ratios of end-members.
In so doing effezts of possible impurities, nonuniformity in packing, particle. size, and
finite sample thickness on reflectance of assumed end members are ignored, I“he
reflectance R12~ of a two-component mix is calculated from F’igure 2 illustrates
application of the model represented by Ilquation (2) to a mixture of ligoin and
cellulose} paramete.ri?.ed  as fraction of cellulose (gndgm) in the mix. I)eterminat  ion of
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(2)

composition in this simple dry system might be made from measurement of band
position; best resolved and clearest to interpret (although unobservable in the residual
spectra from green leaves) is that between 1444 and 1484 nrn. This band (reflectance
rnininmm)  position is a non-linear function of cellulose fraction fc, given accurately by
X(fc)  = 1456 +- 97.9fC - 119f~ + 54fC3  - 4.5fC4, and is very insensitive to changes in
lignin concentration for .5 < fc < 1.0. For example, suppose the spectral sampling
interval AA is that of AVIRIS, 10 nm, and that three perfect spedral  band
deterlninations  are possible at 1484 and 1474 and 1464 nrn, l’he minimum resolvable
difference in lignin concentration AfC is approximately 0.75 between the first pair of
these and about 0.10 between the second pair. A similar relationship, spectrally less
well defined, prevails for the complex of bands bctwwn  1650 and 1850 nm.

We return now to interpretation of band positions of NO, in Figure  1. From
the regression formula for A(fc)  a reflectance minimum at 1460 nm implies a lignin
concentration in the two-component dry mix of 94%, and a similar abundance from the
band near 1775 nm. This exceeds by far the expected Iignin abundance in plant
materials of 10- 35% dry weight (Crawford, 1981).

Other chemical constituents in addition to lignin and cellulose make spectral
contributions to the desiccated foliar reflectance, and will alter by dilution the relative
abundances of Iignin and cellulose present. l’he nature of the spectral contributions so
introduced will be described qualitatively using hypothetical two-component systems,
cellulose-starch and cellulose-protein (D-ribulose  1 -5-d iphosphate carboxylase),
illustrated in Figures 3 and 4. Combinations with other plant chemical constituents
might be worked out from spectral data given by EHvidge  (1990). The admixing of
starch with cellulose displaces the 1485-nn~  cellulose band to shorter wavelengths,
similar to Iignin. ‘l’he 1775-nn~  band position is largely unaffected. The admixing of
protein with cellulose produces displacements opposite (but of comparatively small
magnitude) to those of both starch and lignin at 1485 nrn and to shorter wavelengths at
1775 nm, also similar to that of Iignin. l“hus both protein and starch mimic spectrally
the, presence of lignin in mixes with cellulose. especially at 1775 nrn. l’he isolation of
lignin concentration from band position alone without knowledge of other end member
concentrate ions thus seenw problematical.

2. Mixing of desiccated and liquid water components. Mixing relationships
employed in the present application of KM theory together with spectral reflectance of
mixtures based thereon have been worked out to isolate signatures of supposed
desiccated leaf components and to aid interpretation of spectral signatures of derived
reflectance residuals. The theory applied to leaf reflectance awaits detailed experimental
validation but offers another set of relationships that suggest its usefulness. We used
the intrinsic k- and s-functions of Figure 1 in Part 1 of this article together with
Ilquat ions (1) rind (2) to calculate for sweetgum  the spectral reflectance of intermediate
mixtures of wet and dry components. These calculations are illustrated in Figure 5. A
comparison with single leaf reflectance data as a function of relative water content given
by }Iurrt  and Rock (1989) is suggestive.

3. Rcflec(tmce  retriewd from Al’] 1<1S.  The previous analysis leading to
plots of residuals given in Figure 4 in Part 1 was based on diffuse spectral reflectance



measurements made under idealized conditions with a laboratory spectrometer. The
largest spectral variations in these residuals amount to approximately 2 % in the
1700-nm region, Reflectance variations are also present below this level. Under field
conditions, using measurements of the upwelling radiance at AVIRIS, an atmospheric
model ii ordinarily required to retrieve an effective surface (I~n]bertian)  reflectance,
unless ground  targets can be used (Mvidge, 1988). Noise arising from spatial
fluctuations or uncertainties in atmospheric properties and from AVIRIS  will contribute
uncertainty to the reflectance values so derived. We carried out numerical experiments
with the LOWTRAN 7 (Kneizys et al,, 1983) radiative transfer model to estimate
uncertainties due to atmospheric variations, It proves advantageous to recalibrate
AVIRIS  in-fli@t  using local surface targets to eliminate channel-to-channel variations in
radiance that are thought to originate from changes in the radiometric  calibration
coefficients between laboratory and in-flight conditions,

For homogeneous, plane-parallel atmospheric conditions over uniform ground
of 1 ~mbertian  surface reflectance p~, the radiance at AV1 RIS is represented
approximately as

In Equation (3) TFO is the solar irracliance, S(p,/~0,7)  is the atmospheric scattering
function, l’(p,po,~) is the two-way diffuse plus direct atmospheric transmittance, I is the
hemispherical backscatter function, p and p. are cosines of the zenith angles of viewing
and solar incidence directions respectively, and 7 is optical depth. Spectral dependence
of the atmospheric and surface quantities is implied. An in-flight calibration experiment
redefines the radiometric calibration in terms of in-flight coefficients @“ given by

@* =. -
(LM)C

(LIN-DNJC
(4)

where DN and DNO represent instrument and dark current response for the conditions
of calibration, and (I.,,,)c is the radiance at AVIRIS  obtained from a radiative transfer
model (I .OW1’RAN  and/or MOD1’RAN)  using measured atmospheric conditions. (I.,,,,)c
is given approximately by

(s)

With the in-flight calibration factors, the ground reflectance Rg is

~ -w’+ [1 + ‘i(+)]++ ‘NJ -V’%’N- ‘NJ’(6)Rg u -~

where (lIN - I] NO) represents the dark-current corrected in-flight instrument response,
and

SFO
A=- ~ = 

~LO~~O
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The expression for Rg, 13quation  (6) is independent of the solar irradiance,  but
use of the in-flight calibration coefficients @* has introduced additional variables
pertaining to atmospheric conditions (luring calibration and also the calibration target
reflectance RC. We applied standard error propagation formulas to Equation (6) to
evaluate a fractional uncertainty uR /Rg from fluctuations in all the atmospheric
parameters (taken equal for both c~libration and observation experiments) and from the
AVIRIS  response pararneterized as the signal/noise ratio. The LOWTRAN model
evaluated was midlatitucte sumner, rural aerosols, surface meteorological range 25 km,
surface reflectance 0.50, and solar zenith angle 22°,179. The calculated uncertainty as
a function of AVIRIS  signal/noise ratio at 1700 ntn with prescribed atmospheric
uncertainties, written collectively as us/a to represent u.#S, etc., are shown in Figure 6,
Va]ues  of on8/Rg ]ess than a few percent are achieved only for uniform atmospheric
conditions (ua/a < .01) and high signal/noise ratios ( > 100).

4. Summary. We used the Kubelka-Munk theory of diffuse spectral
reflectance in layers to analyze influences of multiple chemical components in leaves.
As opposed to empirical approaches to estimation of plant chemistry, the full spectral
resolution of laboratory reflectance data was retained in an attempt to estimate lignin or
other constituent concentrations from spectral band positions. A leaf water reflectance
spectrum was devised from theoretical mixing rules, reflectance observations, and
calculations from theory of intrinsic k- and s-functions. Residual reflectance bands were
then isolated from spectra of fresh grezn leaves. These proved hard to interpret for
composition in terms of simple two component mixtures such as lignin and cellulose.
We next investigated spectral and dilution influences of other possible components
(starch, protein). These components, among others, added to cellulose in hypothetical
mixtures, produce band displacements similar to lignin, but will disguise by dilution the
actual abundance of lignin present in a multicomponent system. This renders
interpretation of band positions problematical. Knowledge of end-members and their
spectra, and a more elaborate mixture analysis procedure may be called for (see, for
example, Kortum, 1969, p. 303). Good observational atmospheric and instrumental
conditions and knowledge thereof are required for retrieval of expected subtle
reflectance variations present in spectra of green vegetation.
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